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Abstract 


Nano-crystalline LiNi;_,.Mg,O, cathode material is synthesized via a novel, simple, solid-state reaction. Thermal analysis studies (TG/DTA) 
show the formation of crystalline oxides at 600°C. The influence of Mg addition on the electrochemical behaviour of LiNiO, is discussed. The 
morphology, nature, size and the shape of the synthesized materials are characterized by transmission electron microscopy (TEM) and scanning 
electron microscopy (SEM). LiNio.sMgo202 nanoparticles with a size of 40 nm and a uniform distribution and reduced aggregation are observed. 
Energy dispersive X-ray spectroscopic analysis shows the presence of magnesium in the compounds with an appropriate prepared concentration. 
The phase and structural characteristics of the LiNiO, doped and undoped with Mg are revealed by X-ray diffraction spectroscopy (XRD). The 
addition of Mg does not alter the layered structure of the lithium nickelate. The addition of Mg in the cathode material does not affect the local ion 
environment, as investigated by FT-IR studies. The electrochemical properties are investigated by cyclic voltammetry (CV) and charge—discharge 
studies. Stable charge—discharge features have been observed for graphite/LiNio.sMgo.2O2 cells cycled in the potential range from 3.0 to 4.5 V and 


the capacity retention is significantly improved at x =0.2 in LiNi,;_,Mg,Oo. 


© 2007 Published by Elsevier B.V. 
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1. Introduction 


For the application in lithium-ion batteries, LiCoO2, 
LiMn20; and LiNiO? are candidate cathode materials. Among 
these, LiNiO2 offers a lower cost, higher capacity and better 
reversibility with voltage range. In addition, it does not cause 
instability during cycling as it is not prone to reaction with the 
electrolyte. However, the problem of capacity fading is often 
encountered because of anisotropic expansion and contraction 
during the repeated intercalation/de-intercalation process. This 
behaviour is related to a change in the oxidation state of extra 
nickel ions which induces local collapse of the structure that hin- 
ders not only lithium diffusion in the inter-slab space, but also 
lithium re-intercalation in the six sites around each extra nickel 
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ion [1]. This behaviour has led to the study of possible alterna- 
tives by substituting some of the inter-slab Ni?* ions with cations 
of nearly the same size with the aim of arresting capacity fading 
during long-term cycling. The extent of doping and the level of 
the performance of the doped material depends on the prepa- 
ration method. Lithium nickelates doped with alkaline-earth 
elements have been tested as cathode materials in lithium-ion 
batteries and reported to have very good electrochemical and 
structural stability [1-11]. In our recent studies, we have demon- 
strated that LiCo;_xMg,O2 offers higher cycleability over a 
wide potential range [12]. 

As regards the preparation of Mg-doped lithium nickelate, 
the present investigation has adopted the solid-state reaction 
method using urea as the fuel via a nitrate route at an optimum 
temperature of 600°C. A series of five lithium-based nicke- 
late compounds with the partial substitution of Mg in the place 
of Ni in the LiNiO2 matrix at 0, 10, 20, 30 and 50% Mg are 
prepared by the low-temperature, solid-state reaction method. 
Earlier research reports have suggested that the percentage of 
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Mg content in the LMO matrix is <0.2 in their maximum limits 
of doping of 0.3 [8,9]. In the present study, however, we have 
extended the value of x to 0.5 to understand the effect of higher 
additions of Mg in the original matrix. 


2. Experimental 
2.1. Synthesis of LiNij_~.Mg,O2 


Analar-grade lithium nitrate, nickel nitrate, magnesium 
nitrate, ethylene carbonate (EC), dimethyl carbonate (DMC), 
N-methy]-2-pyrolidinone (NMP), polyvinylidene difluoride 
(PVDF), lithium and LiBF4 were purchased from E-Merck. 
Graphite powder was obtained from Sisco. All materials 
were used as-received. LiNij_,Mg,O2 materials with dif- 
ferent ratios of nickel and magnesium (Mg 0.0-0.5) at 
an incremental value of 0.1 were synthesized via a low- 
temperature solid-state reaction. For the preparation of x=0.5 
cathode material LiNO3 =0.2012 g, Mg(NO3)2 =0.3732 g and 
Ni(NO3)2 =0.4257 g were weighed accurately and thoroughly 
mixed to obtain a homogeneous solution with urea as fuel. A 
10% excess of LiNO3 was added to avoid the loss of Li as Li2O. 
During preparation of the precursor material, glycerol was used 
as a binder (four drops of glycerol/gram of cathode material was 
used) that helps the mass of the ingredients to be brought into 
intimate mixing. A dark-green paste was obtained and heated in 
an air atmosphere at 150 °C for 2 h. A foam-like, fly ash coloured 
material was obtained and then crushed. The precursor samples 
were ignited at 600°C (pre-determined from thermal studies) 
for 8h. 


2.2. Structural and surface characterization 


The synthesized precursor samples were analyzed for 
their thermal behaviour by TG/DTA between 20 and 800°C 
(Perkin-Elmer Diamond TG/DTA thermal) at a heating rate 
of 10°C min~! under an oxygen atmosphere. The purity and 
structural properties of the synthesized products were inves- 
tigated with a JEOL (JDX-8030) X-ray diffraction analyzer 
using Cu Ka radiation. FT-IR spectra were recorded for all the 
synthesized active cathode materials to confirm the expected 
moieties in the oxide material; a Perkin Elmer FT-IR spec- 
trophotometer and pressed KBr pellets were employed. To 
analyze the nature, morphology and distribution of the homo- 
geneous size particles of the synthesized powder, scanning 
electron microscope (SEM) images were taken with a JEOL 
(JSM— 840A) instrument. The chemical compositions of the 
synthesized samples were confirmed by energy dispersive X- 
ray spectroscopic analysis (EDAX) using an X-ray detector 
attached to a Cambridge S-360 instrument. Transmission elec- 
tron microscope (TEM) analysis was performed on synthesized 
nanosized samples of lithium nickel based active cathode 
materials to determine the crystallization and particle size 
distribution. A TEM JOEL JEM—2000 EX instrument oper- 
ated at 200keV with point-to-point resolution of 2.3 A was 
employed. 


2.3. Electrochemical characterization 


Electrochemical studies of LiNi;_.Mg,,O2 (x = 0.0-0.5) were 
performed by assembling 2016 coin cells with two electrodes. 
Positive electrodes were prepared from a mixture of 85% syn- 
thesized material, 10% acetylene black and 5% polyvinylidene 
difluoride (PVDF) in N-methyl-2-pyrrolidinone (NMP). The 
resulting mix was coated on to nickel foil, which serves as a 
current-collector, by applying 2 tonnes cm~? pressure by means 
of a hydraulic press. The prepared electrodes were stored for 24 h 
in a vacuum in presence of phosphorous pentoxide (P205) before 
use. The coin-type (2016—type) cells were assembled using 
synthesized LiNi;_,Mg,O> electrode cathodes, graphite anode 
electrodes, Celgard 2600 separator and 1 M LiBF, electrolyte 
(50:50 ethylene carbonate (EC)/dimethyl carbonate (DMC)). 

In order to assess the topotactical reaction of lithium in the 
synthesized cathode materials, cyclic voltammetry was used. 
A two-electrode cell was employed, in which LiNi;_,Mg,O2 
(x=0.0, 0.1, 0.2, 0.3 and 0.5) served as the working electrode 
and Li metal as the reference and counter electrodes. Cycling 
was conducted between 3.0 and 4.5 V at a scan rate of 0.1 mV s~! 
by means of an EG & G Instruments, PAR, Model 6310. 
Charge-—discharge studies were performed at 0.1 mAcm7? in 
the voltage range of 3.0-4.5 V using a WPG 100 (Pontentio- 
stat/Galvanostat) Won-A-Tech Instrument, South Korea. 


3. Results and discussion 
3.1. TG/DTA studies 


Thermal behaviour of the LiNi;_,.Mg,O2 (x=0.1) precursor 
sample prepared from lithium nitrate, nickel nitrate and magne- 
sium nitrate with urea as the fuel was studied and the resulting 
spectra are given in Fig. 1. An initial weight loss of 10% is 
observed until 150°C, due to removal of water present in the 
sample. The consequent two-step loss of 5 and 20 wt.% at 400 
and at 550 °C is due to the decomposition of nitrates, i.e., thermal 
decomposition of urea and glycerol respectively. An exother- 
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Fig. 1. TG/DTA curves of precursor of LiNio.95Mgo,1 02. 
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mic peak at 600°C is observed, which indicates the formation 
of crystalline solid material. No further weight loss is observed 
beyond 600 °C and this can be interpreted as clear evidence of 
compound formation. Hence, for the cathode material synthesis, 
the solid-state reaction method at 600°C was followed. 


3.2. XRD studies 


Powder X-ray diffraction patterns of undoped LiNiO2 and 
Mg-doped LiNiO2 synthesized at 600 °C with Mg incorporation 
of 10, 20, 30, and 50% are presented in Fig. 2. The XRD pattern 
of the LiNi;_,Mg,O2 sample shows one well-defined peak of 
high intensity at 20=19° and two other less intense peaks at 
36° and 44°. The data for intensity versus diffraction angle peak 
indicates that the compound crystallizes as a rhombohedral sys- 
tem (space group R3m) [13,14]. There are no additional peaks, 
which indicates the absence of other phases. The lattice con- 
stants, computed from XRD data, vary as a function of Mg**, 
i.e., with the progressive addition of Mg**, a slight decrease in 
the lattice value a and an increase in the c values are observed 
and the unit cell volume decreases by 2%. The results are pre- 
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Fig. 2. XRD patterns of LiNi;_.Mg,O2 (x=0.0, 0.1, 0.2, 0.3 and 0.5). 


Table 1 
XRD lattice constants a, c, c/a ratio, unit-cell volume and [99 3)/I(1 04) for Mg- 
doped LiNiO» and undoped LiNiO2 


Sample a (A) c (A) cla Unit cell To03)/ 
volume (A)3 laos 
LiNiO2 2.8775 14.2144 4.9398 101.81 1.222 
LiNio.9Mgo.102 2.8763 14.2162 4.9425 101.73 1.235 
LiNio.sMgo202 2.8760 14.2169 4.9467 101.71 1.343 
LiNio.7Mgo.302 2.8758 14.2175 4.9473 101.70 1.252 
LiNio.sMgosO2 2.8753 14.2181 4.9484 101.58 1.196 


sented in Table 1. A distinct splitting of (006) (1 02) and (1 08) 
(1 10) doublets is observed for LiNiO?2 at a low concentration of 
Mg doping. When the Mg concentration is increased, however, 
the splitting of (006) (1 02) and (1 08) (1 1 0) doublets tends to 
merge and the remaining peaks are slightly broadened. This is 
an indication of a reduced crystallite size coupled with micro- 
scopic strain in the crystal lattice that could be due to a certain 
degree of mismatch in the Mg?* (0.66 A) and Ni** (0.56 A) ionic 
sizes. These observations and the values of [(993)/I(194) © 1.22 
have been considered as a qualitative measure of the improved 
cathodic activity of the synthesized compounds [15]. The max- 
imum /(903)/l(104) value of 1.343 is observed at x=0.2. This 
indicates an enhanced stabilization of Ni** in the 2D-layered 
structure on Mg substitution at x=0.2 [15]. For every assigned 
(hk I) indices, lattice parameters are rightly assigned to compute 
constant values of the lattice parameters as least-squares mean 
values of a and c in case of hcp or hexagonal and tetragonal crys- 
tal systems [16-19]. It is reported for minimum Mg-substituted 
lithium nickelates (y < 0.02), lithium deficiency is required for 
the presence of all Mg?* ions in the inter-slab space. With the 
addition of Mg < 0.2 in the LiNiOy, a large amount of Mg?* 
ions are located in the lithium site [1]. The presence of magne- 
sium ions in the lithium site prevents any local collapse of the 
inter-slab space during the de-intercalation process. 


3.3. FT-IR studies 


In addition to the XRD experimental results, further evidence 
for the formation of LiNi;_,.Mg,O2 materials has been obtained 
from FT-IR experimental data. The purpose of this study is to 
investigate the local environment cations in a cubic-close packed 
oxygen array of the LiNij_.Mg,Oz2 lattice. According to factor 
group analysis, the infrared spectra of LiMO2 (M = Metals) com- 
pounds with R3m space group yield four infrared-active modes 
[20,21]. Fig. 3 depicts the mode of vibrations for LiNij_,.Mg,O2 
in the 400-700cm7! region that are largely associated with 
the vibrations of NiOg and LiOg¢ octahedral units [22,23]. The 
peaks at 627 and 687 cm7! are the bending vibrations modes of 
NiO6, i.e., v[(Ni—O—L1)], the weak band at around 432 cm! is 
assigned to the asymmetric stretching of Li—O in LiO¢ environ- 
ments [22,23]. 

In addition to these bands, a band at about 271 cm7! in the 
far-IR region is expected but that region is not covered in the 
present study [24]. With respect to the waves at low frequency, 
the isotopic replacement in LiNiO2 has proved that the band 
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Fig. 3. FT-IR spectra of LiNi;—xMg02. 


between 200 and 300cm™! is associated with vibration of a 
relatively isolated LiOg octahedron [25]. The shape of the IR 
absorption spectra (Fig. 3) for the Mg-doped cathode materials 
remains the same as that of LiNiOz, apart from a slight overall 
shift in the peaks towards lower frequency values which shows 
that the local environment of lithium ions surrounded by oxygen 
anions is not affected and there is little increase in NiO? layer 
covalency [6]. At higher magnesium substitution, the broaden- 
ing of the peaks can be interpreted as NiOg distortion due to 
magnesium induction in NiO? layers. 


3.4. TEM studies 


The TEM photographs for undoped and Mg-doped LiNiO2 
(x=0.2) synthesized at 600°C are presented in Fig. 4a and b, 
respectively. In the case of undoped LiNiOz, the cluster forma- 
tion is 60 nm. This is little larger when compared with the 
Mg-doped material (~40 nm) and the particle size is smaller. 
The interlayer distance may be higher in the undoped LiNiO2 
than that of the doped one, due to the larger size of the particles. 
The surface area of the electrode material is an important param- 
eter that determines the energy and power density of a particular 
battery system. In the present study, the surface area is expected 
to be higher for the Mg-doped cathode material because of its 
smaller particle size. 


3.5. SEM with EDAX studies 


Scanning electron micrographs were taken for Mg-doped 
(x=0.2) and undoped synthesized lithium nickelates, as shown 
in Fig. 5a and b, respectively. Lithium insertion and de- 
insertion of the electrode mainly depend on the morphological 
structure of the material. Hence, morphological studies are 
highly essential. The micrographs show that the particles of 
the Mg-doped cathode material are of nanometer size; the 
average diameter of the particles of the cathode material is 


Fig. 4. TEM photograph of (a) LiNiO2 and (b) LiNiop.gMgo,202. 


about 40nm. Among the synthesized cathode materials for 
lithium battery applications, x =0.2 magnesium-doped lithium 
nickelate shows a well-reduced particle size with less parti- 
cle aggregation and a uniform particle distribution. It can be 
expected that the intercalation/de-intercalation will be much 
easier in LiNio8Mgo.202 because of the reduced path length 
for lithium migration during the charging—discharging pro- 
cess. As the consequence, higher capacity retention, longer 
cycle-life and greater power density are to be anticipated with 
LiNio.sMgo.202. 

To determine the composition of synthesized Mg-doped 
LiNiO2 nanoparticle materials, EDAX studies were carried out 
and the data are presented in Table 2. The composition parame- 
ters show the presence of Mg in an appropriate percentage along 
with Ni. 


Table 2 
EDAX composition analysis of LiNi;—-xMgxO2 (x=0.1, 0.2, 0.3 and 0.5) 


xin Liy_,Mg,O2 Nickel ratio (%) Magnesium ratio (%) 


0.1 90.09 9.91 
0.2 79.98 20.02 
0.3 69.22 30.78 
0.5 51.94 48.06 
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Fig. 5. SEM photograph of (a) LiNiO2 and (b) LiNio.sMg0.202. 
3.6. Cyclic voltammograms 
The redox properties of the synthesized cathode materials 
for lithium-ion batteries were examined by means of cyclic 


voltammetry experiment; the results are given in Fig. 6. Cyclic 
voltammograms for LiNij_;Mg,O2 (x=0.0, 0.1, 0.2, 0.3 and 
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Fig. 6. Cyclic voltammograms of Mg-doped LiNiO2 and undoped LiNiO» cath- 
ode materials at scan rate of 0.1 mV s~!. 


0.5) cells show the existence of a reversible structure property 
by their redox activity. From the J-V curves, the intercalation 
and de-intercalation process of Li* over the potential range of 
3.0-4.5 V are seen. The sample prepared at x=0.2 exhibits the 
minimum peak potential separation; AE, = 120, 98, 79, 151 and 
192 mV for x=0.0, 0.1, 0.2, 0.3 and 0.5 Mg, respectively. 


3.7. Charge—discharge studies 


LiNij_xMg,O2 cathode electrodes were examined for their 
charge/discharge properties by testing within a potential win- 
dow of 3.0-4.5 V at a constant current density of 0.1 mA cm~? 
using the assembled button cells. The voltage versus capacity 
profiles of all doped and undoped LiNiO2 materials in the first 
charge/discharge curves are presented in Fig. 7. During the first 
cycle, the cell efficiency was 87.3% for x = 0.0. The first coulom- 
bic cell efficiencies increase with gradual substitution of Mg with 
Ni up to certain limit (x=0.2), beyond that, there is a declining 
trend at higher addition of Mg with x=0.3 and x=0.5, which 
indicates that the doping instead of being beneficial appears to 
be detrimental at such high doping levels. It is clear from the 
results that the irreversible capacity for the first cycle is least for 
x=0.2 and maximum for x=0.5 compared with undoped cell. 
The reversible capacity at the end of 25th cycle is the maximum 
for x=0.2 and minimum for x=0.5 (Fig. 8). The findings are 
summarized in Table 3. The LiNio.sMgo.2O2 material exhibits a 
higher value of 97.6% discharge capacity retention at the end of 
25th cycle. Thus, the capacity fading is very much arrested with 
a doping of Mg of x=0.2. In the Li NiO? system, the dramatic 
deterioration of electrochemical performance is strongly related 
to the change in the oxidation state of the extra nickel ions, 
which induces local collapse of the structure and hinders not only 
lithium diffusion in the inter-slab space but also lithium reinter- 
calation in the six sites around each extra nickel ion [1,26,27]. 
In the Li,Ni;_yMg,Oz system, the magnesium ions, with a size 
close to that of lithium, remain in the divalent state during cell 
charge. Therefore, their presence in the inter-slab space does 
not strongly affect lithium re-intercalation because no shrink- 
age of the structure occurs upon cycling. This result explains 
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Fig. 7. First charge—discharge curves of LiNiOz and LiNij_,Mg,O2 (x=0.0, 
0.1, 0.2, 0.3 and 0.5). 
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Table 3 

Cathode charge—discharge and irreversible capacities of the compounds, LiNij_.Mg,O2 

Properties x=0.0 x=0.1 x=0.2 x=0.3 x=0.5 
First charge capacity (mAh g7!) 197 199 203 198 185 
First discharge capacity (mAh g7!) 172 180 190 174 157 
Irreversible capacity for the first cycle (mAh g7!) 25 19 13 24 28 
Reversible capacity in 25th cycle (mAh g7!) 157 175.2 185.4 167.5 149.4 
Discharge capacity retention in 25th cycle (%) 91.3 97.3 97.6 96 95.2 


190 


180 


170 


160 


150 


Specific capacity (mAh/g) 


Cycle number 


Fig. 8. Plots of specific capacity vs. cycle number of LiNiO2 and LiNij_.¥Mg,O2 
(x=0.0, 0.1, 0.2, 0.3 and 0.5). 


how the magnesium-substituted phases have good cycling prop- 
erties with enhanced capacity. The presence of an optimum 
concentration of magnesium ions in the lithium site prevents any 
local collapse of the inter-slab space during the de-intercalation 
process. 

At a higher dosage of Mg** ions in the cathode material, the 
Ni** preferentially occupies in the inter-slab spacing during the 
electrochemical process, which causes the low capacity delivery. 
On the other hand, the presence of Mg? ions in the lithium sites 
at the optimum concentration significantly reduces the usual 
changes observed in the cell parameters and accounts for good 
capacity retention. 


4. Conclusions 


Mg-substituted LiNiO2 nano-crystalline materials have been 
synthesized with stoichiometric compositions of LiNij—x 
Mg,O2 (x=0.0, 0.1, 0.2, 0.3 and 0.5) by means of a low- 
temperature (600°C) solid-state reaction. Enhanced reversibil- 
ity of the Li intercalation/de-intercalation reaction is obtained 
with a cathode prepared at x=0.2. This assists the intercala- 
tion processes by stabilizing the host matrix without collapse. 
Charge-discharge studies carried out at 0.1 mA cm7? for all 


the compounds (0.0<x<0.3), reveal better capacity retention 
and cycleability compared with un-substituted LiNiO2. Con- 
sequently, LiNio.sMgo.2O02 is a promising cathode material for 
high performance Li-ion cells. 
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